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ABSTRACT - The Earth Observing System Terra spacecraft was launched on

December 18, 1999, to provide data for the characterization of the terrestrial and

oceanic surfaces, clouds, radiation, aerosols, and radiative balance. The Tracking

and Data Relay Satellite System (TDRSS) Onboard Navigation System(ONS)

(TONS) flying on Terra provides the spacecraft with an operational real-time

navigation solution. TONS is a passive system that makes judicious use of Terra's

communication and computer subsystems.

An objective of the ONS developed by NASA's Goddard Space Flight Center

(GSFC) Guidance, Navigation and Control Center is to provide autonomous

navigation with minimal power, weight, and volume impact on the user

spacecraft. TONS relies on extracting tracking measurements onboard from a

TDRSS forward-link communication signal and processing these measurements in

an onboard extended Kalman filter to estimate Terra's current state. Terra is the

first NASA low Earth orbiting mission to fly autonomous navigation which

produces accurate results. The science orbital accuracy requirements for Terra

are 150 meters (m) (3sigma) per axis with a goal of 5m (1 sigma) RSS which

TONS is expected to meet. The TONS solutions are telemetered in real-time to the

mission scientists along with their science data for immediate processing.

Once set in the operational mode, TONS eliminates the need for ground orbit

determination and allows for a smooth flow from the spacecraft telemetry to

planning products for the mission team. This paper will present the preliminary

results of the operational TONS solution available ft'om Terra.

1 - INTRODUCTION

Earth Observing System (EOS) AM-l, also known as Terra, was designed and developed by

Lockheed Martin Corporation and launched on December 18, 1999 from the Western Test Range.

On February 23, 2000, Terra achieved a polar, sun-synchronous, 705-kin circular, frozen orbit,

flying in constellation with Landsat-7. The navigation subsystem onboard Terra supports the

mission with a prime and backup method. The backup method consists of Brouwer-Lyddane mean

orbital elements (OEs) and associated rates to provide a coarse estimate of the Terra state. The

TDRSS Onboard Navigation System (TONS) provides the primary operational navigation onboard

Terra to meet the science accuracy requirements.



SciencerequirementsdroveTerra'sneedfor anonboardnavigationsystem. After successfulflight
demonstrationon the ExtremeUltraViolet Explorer (EUVE) in 1992 [Gram 94], Terra selected
TONS over the Global Positioning System(GPS). Terrarepresentsthe first NASA mission to
successfullyfly autonomousnavigationasits operationalmeansof navigation.

TONSoptimizesthe useof theavailablecommunicationsequipmentonboardTerrato measurethe
Doppler shift of the forward link commandcarriersignalfrom theTDRSS. The Dopplerdataand
relevanttelemetryregardingmeasurementvalidity flow to theonboardspacecraftcontrolscomputer
where the data is processedthroughthe TONS algorithms. TONS usesa sequentialestimation
techniqueto providethe Terraspacecraftwith anine-elementstatevector in real-time[LM SR97].
The state vector includes: a currentestimationof the six cartesianelementsfor position and
velocity, the drag scale factor (DSF) offset to the coefficient of drag for the spacecraft,the
frequencybiasof theMasterOscillator(MO) usedby the spacecraftfor signal referenceandclock
definition, and a data measurementbias. Onboard,the TONS state provides a high fidelity
referencefor the attitudesubsystemandautonomousforward signalacquisition. Scientistsobtain
theaccurateTONS statevector in thedownlinkedtelemetry,therebyeliminating theneedfor post-
processeddefinitive solutions. Scientistsalso receivethe TONS datavia ancillary data to their
instrumentstherebyallowing theinstrumentsto usethenavigationdatawith nohumanintervention.
Additionally, theEOSOperationCenter(EOC) inputsthe TONS statevector to produceplanning
and schedulingproducts,maneuverplanningand calibration,and daily backupOE uploads for
Terra. To supportTerra's TDRSScommunicationsandnavigation,TDRS statevectorsand OEs
areuploadeddaily basedon an ephemerisprovided by GSFC'sMulti-Mission Flight Dynamics
(MMFD) group. This paper will highlight the operationalperformanceof the Terra onboard
navigationsystemfor thefirst threemonthsafterlaunch.

2 - OPERATIONAL REQUIREMENTS AND IMPLEMENTATION

The proto-flight software from the EUVE experiment was provided to the spacecraft manufacturer

and used as the heritage code for the Terra implementation of TONS. Yerra's navigation subsystem

has two main modes, Backup and Normal. Each mode provides orbital parameters for Terra and the

four TDRS spacecraft usable by Terra at any given time. The Backup mode provides the spacecraft

with coarse orbital information to maintain communication signal acquisition and attitude control,

and antenna pointing. Six Brouwer-Lyddane elements and two rates provide Terra information

while for the four TDRSs, there are the six elements and only one rate. These orbital elements are

uploaded daily and are valid for two days onboard. The OEs also provide a coarse check on the

TONS estimate of the Terra state and TDRS propagated states to ensure a failure in the TONS

solution will not adversely effect the attitude subsystem. If TONS is determined to be out of

tolerance, the onboard system will automatically switch to OEs as the navigation output.

Normal mode provides real-time accurate state information for Terra via the TONS. TONS

software is divided into two submodes: Propagation and Filter. In both submodes daily state

vectors and modeling data (mass and the coefficient of radiation) are uploaded for each of the four

TDRS spacecraft used by Terra and then propagated onboard. In Propagate submode, the Terra

state vector and modeling information (mass and the coefficient of drag) are uploaded to the

spacecraft and propagated onboard. In Filter submode, real-time Doppler data provides

measurements to update the Terra state, therefore eliminating the need to perform orbit

determinations on the ground and upload the resultant state vector daily. Measurements are

available to the Filter every 16.384 seconds (sec) during a TDRSS contact. In between

measurement updates, TONS propagates the Terra state. All science requirements are met in Filter

submode and this is the prime operational mode.



The sciencerequirementswere derived to ensuremaintenanceto the World ReferenceGrid,
accuratenode crossing information,high fidelity attitudeguidance,and sciencedata resolution.
Table 1summarizestherequirementsfor theTerranavigationsubsystemdiscussedin thispaper.

Table 1. TerraNavigationAccuracyRequirementsSummary
Parameter Requirement

TerraBackupOrbitalElements 50km,RSS,3 sigmaafter2 days
TDRSBackupOrbitalElements 120km,RSS,3 sigmaafter2 days
FrequencyControlWords lessthan+/- 1500Hz, 3 sigma
TONSTerraPosition 150m,peraxis,3 sigma

GOAL: 5m,RSS,1 sigma
TONSTerraCrosstrackVelocity 0.16m/s,3sigma
TONSTDRSPosition 75m, 3sigma,after 1daypropagatedonboard
TONSTDRSVelocity 0.055m/s,3sigma,after 1daypropagatedonboard
TransponderDopplerRandomNoise 0.0066Hz
TransponderDopplerSystemTiming Error +/- 1microsecond

As theoperationalsystemonTerra,TONSwasdevelopedto meetthe requirementsundervarious
operationalscenarios. Thesescenariosinclude: MO adjustmentsas required to maintain the
spacecraftclock; small stationkeepingmaneuversto maintain the Terra ground-track; TDRS
maneuvers;leapsecondadjustments;anddaily stateand OEuploads. TONSwasnot designedto
meettherequirementsthroughlargemaneuverssuchasascentor inclination-changemaneuvers.

The Doppler datameasuredby Terra comesfrom the fixed frequencyforward communications
signalthat emanatesat a TDRSSgroundstationbasedon the TDRSSstandardreference. Terra's
ultrastableoscillatorprovidesthereferenceto thetransponderthat passivelymeasuresthe Doppler.
The transpondermust be given a commandto offset the receiver in order to acquire the
uncompensatedforwardTDRSSsignal. Thecommand,knownasa frequencycontrolword (FCW),
comesfrom the currentestimateof theDoppler betweenTerraandTDRSSbasedon the onboard
states.To providethehighestquality Dopplerdatato achievethe missionrequirements,all timing
onboardTerra is derivedfrom theultrastableMasterOscillator. In orderto meettherequirements,
system timing must be steeredto within +/- 100 microsecondswith TONS providing clock
knowledgeto +/- 10microseconds.In turn, this meanstheDoppler datamustbeontimeto within
+/- 1 microsecondfrom the transponder. The Commandand Telemetry InterfaceUnit (CTIU)
monitors the Doppler SampleMark provided by the transponderto ensurethe Doppler timing
accuracy.

Prior to TONS being declaredoperational,the MMFD provided orbit determinationservicesto
Terrabasedon traditionalTDRSStrackingdatareceivedat MMFD. MMFD providedpost-launch
andpost-maneuversolutionsaswell asdaily orbit determinationbasedon a batchleast-squaresfit
to the data. Eachdefinitive solutionwas thenpropagatedfor 50 daysusingthe TONS dynamic
modeling,which includes a Harris-Priesteratmosphericmodel with solar flux of 200, a 30x30
JGM-2 geopotentialmodel,and statesrepresentedin J2000coordinates.The resultspresentedin
this paperare comparisonsof the onboardnavigationdata to that obtainedfrom MMFD orbit
solutions. Thesecomparisonswere performedusingthe TONS GroundSupportSystem(TGSS)
[Godd99] locatedin theEOC.

Daily uploadsto Terranominally occurat 1900z. Initially, theseuploadsincludedOEs for Terra
andthe four TDRSsaswell asa UTC-UT1 offsetand MO bias.As Terra transitionedto Normal
Mode/Propagatesubmode,TDRS statevectorsand modelingtables,and a Terra statevector and
modelingtable were addedto the upload. OnceTerratransitionedto Filter submode,the daily



uploadsof the Terrastateandmodel tablesaswell asthe MO bias tablewerediscontinued,since
thesequantitieswerenow beingestimatedonboard.

2 - EARLY MISSION

After MMFD performed the post-launch orbit solution, initial OEs were uploaded for Terra and the

four TDRSs. The uploads allowed Backup mode to support both attitude knowledge and TDRSS

communications. Since that time, OE position and velocity telemetry from Terra and the four

TDRSs have been compared to the MMFD solutions and consistently show that the OEs are

meeting the accuracy requirements in Table 1. Terra OEs compare from 12 to 22 km in position,

while TDRS OEs compare from 1 to 10 km in position.

Terra transitioned to Normal mode/Propagation submode on January 3, 2000, and after a 24-hour

checkout period transitioned the output from OEs to the TONS propagated solution. The next step

to achieving science configuration came when onboard autonomous signal acquisition, via

frequency control words to the transponder, was enabled later in the day on January 4. However,

due to an anomaly with the High Gain Antenna, Terra switched back to using the omni antennas

and the FCWs were disabled. The FCWs were re-enabled on January 13, 2000, with Terra flying

autonomous acquisition of the TDRSS signals since then. Whether in Backup or Normal mode,

FCWs to offset the receiver have consistently oscillated within +/- 200 Hz of the actual Doppler

shifted receive frequency. The ground-to-inclined TDRS Doppler shift is not modeled in the FCW

computation in the ground support system, and explains the 24-hour oscillation difference. The

FCWs onboard Terra performed more accurately than the comparison data indicates.

Terra navigation remained in Normal mode/Propagate submode until February 7, 2000. The output

telemetry used by the spacecraft toggled back to the OEs during periods of ascent maneuvers and

early Filter submode checkout, January 10 to 15, 2000 and February 3 to 24, 2000.
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Fig 1. Comparison of TONS Propagation to MMFD Definitive

Throughout the one month of pure propagations, the TONS-propagated Terra state nominally

compared to the MMFD definitive solution between 100m and l km in position (Figure 1) and

0.12m/s and l m/s in velocity. The plot in Figure t clearly displays the daily synchronization to a

newly uploaded Terra state vector and the comparison difference growth between the two sets of

states. The spikes occurring January 10-14, 2000 were induced by a spacecraft hardware anomaly

outside the navigation subsystem. This left the spacecraft controls computer in an off-nominal

configuration for several days. As a by-product of that configuration false thruster firings were



indicatedto TONS,perturbingthe state. On January25and27, the largecomparisonsweredueto
poor definitive MMFD solutionsover thosedays. On February2, Terraperformedtwo 20-second
propulsivehardwareburnswhich influencedthedefinitive solutionoverthetimespan.

2.1- TDRS States

The TDRS states are propagated onboard with perturbation modeling reduced to an 8x8 Joint

Gravity Model-2 geopotential and solar radiation pressure. In order to meet the Terra orbit accuracy

requirements, MMFD provides definitive solutions for each TDRS and models stationkeeping and

momentumunload maneuvers in the predicted ephemeris. This allows the Flight Operations Team

(rOT) to upload a more accurate TDRS state after a modeled momentum unload maneuver occurs.

In the case of stationkeeping maneuvers, MMFD also provides the EOC with a post-maneuver orbit

solution within 4.5 hours after the TDRS maneuver. Over the timespan discussed in this paper, the

TDRS states have routinely maintained their accuracy requirement with only a few exceptions when

a short-notice momentum unload was not modeled in the predicted ephemeris. The limit does not

affect navigation support of communications and antenna pointing.

TDRS state table loads incorporate a time limit nominally set at 48 hours, or adjusted based on

predicted maneuver knowledge. The time limit prevents the use of the propagated TDRS state for

navigation filter processing until a new TDRS state is uploaded.

2.2 - Clock Error

After an initial clock adjust of-2.143 seconds three days after launch, further refinement was

needed to ensure system requirements. However, the operational system for clock calibration was

unable to resolve the ambiguity between the cycle data used to determine the clock offset. While

TONS was in Propagate submode, the Doppler residuals measured onboard were plotted against

Doppler rate to obtain a timing error in the Doppler observation. Doppler timing error was used to

assist the clock calibration engineers in resolving the cycle data ambiguity and setting the clock.

Figure 2 shows the results of timing error analysis obtained from TONS. Two additional clock

adjusts were performed based on the data from the TONS Doppler residuals. The use of TONS to

support on-orbit clock correlation was an unanticipated benefit of the onboard Doppler
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Fig. 2 Timing Error From Doppler Residuals And Clock Correlation

3 - FILTER SUBMODE CONVERGENCE

On February 7, 2000, TONS transitioned to Filter submode. Since Terra was undergoing ascent

maneuvers, the spacecraft continued to fly off the OEs during the TONS Filter check-out. TONS



met the convergencecriteria within 1.5 hours after initialization. The convergencecovariance
indicationsinclude:Root SumSquarePositionSigmalessthan 100m, Root SumSquareVelocity
Sigmalessthan0.11m/s; Semi-MajorAxis Sigmalessthan5 m; andMO Bias Sigmalessthan0.4
Hz at S-band.After 1.5 hoursover which TONS processed45 minutesof forward link Doppler
data,TONS matchedthe MMFD definitive solution to within 20 m. TONS showedconsistent
steady-stateresultswithin 9 hours,afterthe estimateof thedrag scalefactor reachedsteadystate.
Positiondifferencesto theMMFD definitivesolutionat this time reducedto 12m. Figure 3 shows
position comparisonwith the MMFD definitive solution over the initial convergenceperiod for
TONS.
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Fig 3. TONS Filter Convergence

4 - PRELIMINARY FILTER OPERATIONS

To obtain high accuracy navigation results using one-way Doppler, the measurements must be of

high quality. The determining factors are the reference frequency and the measurement method.

The MO supplied the reference for the transponder and was specified to be stable to better than

lxl0 "l° parts per day. The MO was monitored from launch using the Local Oscillator Frequency

(LOF) solution based on one-way return Doppler data obtained at MMFD. Figure 4 plots the MO

trend results and shows that the MO stability is within specification.
0.7 .................................................................................................................................................................................................................................

06 ]

0.5 i . LOVR_poh_ ...........

0.4 --Orbit AMN r- ...... _1#_ I Q I F'_F J _[

0.3 [-- --Linear(LOFRep°dData) l ._' " I ._.i _• f [

o., ..........I....... .........................,,. ........'00 02'22£ ;2 '_ J0"0 03'03'0; 1'3'20 ...... O3, '8,X0 1
-02

o3 .¢j-; I •- t
. A , ,[>" _.9E-02_ _8E+03! [ _#Z"tt__EO2x l_21E÷o31t

T R = 9 800E-01 R 2 = 9 742E-01

-05

-0.6 ......................................................................................................................................
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TheMO operateswithin specificationthusleavingtheonuson thetransponderto provide low noise
non-destructDoppler measurements.A sixth-orderVariate DifferenceNoise Analysis (VDNA)
algorithmwasusedto characterizethe quality of the Doppler data. The results indicatethat 95
percentof thetime thenoiseis within thespecificationin Table 1. However,theresultsaretainted
by the inclusionof low elevationpassesthroughthe ionospherewhich addsignificantnoiseto the
Dopplerdata, raising the overall statisticsfor noiseanalysisand reducingthe percentageof data
within specification..

As of this writing, the TONS Filter hasoperatedflawlessly for almost threemonthsproviding
spectacularresults. Daily comparisonsmade of the TONS solution to the MMFD definitive
solutionshowthat the TONSfilter matchesMMFD to within 40 m RSS(3 sigma)in positionand
0.016m/s (3 sigma)in crosstrackvelocity, asshownin Figures5 and6. At this level, it is likely
that a largeportionof the differenceis dueto thedifferencesin orbit determinationmethodology.
Thebatchleastsquaressolutionusedby MMFD tendsto fit betterto datain the middleof thespan
than on the ends,whereasthe sequentialestimationmethodemployedby TONS providesmore
consistentorbit solutionsstimulatedby constantmeasurementupdates.
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TDRS-to-Terra geometry coupled with view period constraints results in two periods per day with

several low elevation contacts in a row. The TONS state difference from MMFD and the TONS

RSS Position Sigma both increase during these times, but show immediate recovery with the next

higher elevation contact. The maximum differences in Figure 5 occur during these contacts with

the exception of the spike on March 14, 2000 which was the result of a Terra stationkeeping

maneuver.

Figure 7 displays the drag scale factor (DSF) estimated by TONS as a correction to the coefficient

of drag. These results occur at the peak of the solar cycle, hence they show the large fluctuations

expected during this timeframe. MMFD solves for a similar parameter in their orbit solutions,

called rho-1. However, the solution provides one value over the entire definitive span. The DSF is

updated with every valid Doppler measurement. Comparison between rho-1 from MMFD and DSF

from TONS indicates similar daily trends over the long term.
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Figure 8 shows the measurement bias estimated by the TONS filter. The measurement bias resets

with each new communications contact. Currently, the TDRS measurement bias absorbs any

unmodeled biases as seen in the data during a contact. During the low elevation contacts, the TDRS

measurement bias increases slightly indicating a disturbance in the data.



Estimation of the MO frequency bias is easily influenced by variations in the data as well. Figure 4

above shows the TONS estimate of the MO bias since filter initialization plotted along with the

MMFD estimate of the MO frequency bias. The discontinuity between the two segments represents

an MO frequency adjust. For the MO adjust, the FOT loads a new absolute frequency value to the

MO. This command is coordinated with an "ADJUST" command sent to the navigation software to

prevent excessive filter disturbances. The command adjusts the MO frequency estimate in the

TONS state and increases the corresponding filter variance. Additionally, an upload table provides

the new MO drift rate and clock offset from UTC to the navigation software.

The first segment of data, up until March 1, 2000, shows a close match between MMFD and TONS.

After March 1, the TONS estimate is higher, the cause for which is under investigation. Incorrectly

estimating the MO frequency bias directly effects the propagation of the clock offset from UTC.

This induces the need for more frequent table loads to reinitialize the clock error propagation.

However, the slightly high estimate of the MO frequency by TONS results in little or no impact on

TONS state accuracy.

5 - FILTER PERFORMANCE DURING MANEUVERS

TONS includes a bum model based on thruster commands and yaw offset. The model incorporates

maneuver accelerations over the last update interval and applies the forces to the Terra state

estimate. During the maneuver, measurement updates are disabled via command and re-enabled

soon after the maneuver ends. Once post-burn measurement updates begin, TONS meets all the

convergence criteria within one orbit. No post-maneuver state loads are required because the

TONS estimate following the burn has proven accurate, even for the larger ascent maneuvers.

However, the ground system does supply TONS with a post-maneuver mass estimate for Terra to

promote propagation accuracy when Doppler measurements are not available. Table 2 provides

TONS filter performance data for all ascent maneuvers and two stationkeeping maneuvers.

Table 2. TONS Filter Performance During Maneuvers

Burn
# Dur (s)
1 6O
2 150
3 300
4 320
5 320
6 320
7 280
8 110
9 21.379

10 26.000

Max RSS lsig uncertainty after burn Max post burn ephem error vs MMFD def.
POS(m) VEL(m/s) SMA(m) POS(m) VEL(m/s)

242.18 0.2802 1'i"1.23' ' 140.0 0.18
630.90 0.7785 284.86 389.1 0.49

1338.50 1.6244 562.93 920.0 1.12
1411.60 1.7044 58_,i39 960.0 1.20
827.20 1.0092 568.57 570.0 0.70
344.74 0.4213 552.30 150.0 0.20
300.09 0.3641 471.00 125.0 0.21
228.15 0.2344 175.83 42.0 0.05
103.75 0.1063 30.43 52.0 0.05
105.90 0.1227 37.12 60.0 ......... 0.06

The bum model only applies to the TONS state estimate. The backup OEs require a predicted post-

maneuver set of elements that are held onboard until the maneuver ends. Although the operational

procedure kept the OEs as output for the first nine maneuvers, the TONS performance far exceeded

the coarse navigation provided by the OEs. During the stationkeeping maneuvers, TONS state

estimates were well within the accuracy requirements given in Table 1. Therefore, starting with

maneuver 10, the operational procedure changed to keep TONS as output across the maneuver.

This procedure change reduced the operational complexity of maneuvers and improved recovery

time to science mode. Terra science operations are impacted for only four hours around a

stationkeeping maneuver. This is exceptional for a science mission of Terra's type and due in large

part to the autonomous navigation onboard Terra.



6 - FUTURE FILTER TUNING ANALYSIS

Although TONS performance has been admirable and well within the requirements, the Terra

science team would like increased performance from TONS. Since the Doppler has been found to

be severely corrupted during low elevation passes, analysis is underway to evaluate a trade-off of

having more data of poorer quality versus less data of higher quality by raising the elevation angle

limit in the filter. This limit effectively filters out all the data below a specified elevation angle

between Terra and the TDRS which has been potentially corrupted by the ionosphere.

The original filter tuning design kept the DSF, MO Frequency Bias, and TDRS Measurement Bias

very open to accommodate a wide range of orbital events and physical conditions. To achieve

maximum accuracy, analysis is planned to investigate a different set of tuning parameters. The new

tuning should reflect greater confidence in the Doppler measurements as determined throughout the

mission. The state process noise for the TDRS Measurement Bias should be adjusted to allow more

measurement-related variations to be absorbed while the process noise for the MO should be

adjusted down to reflect the operational performance of the MO stability.

Planned analysis will identify whether increased performance may also be achieved by restricting

the DSF state process noise. Although tightening the DSF state process noise may leave the filter

vulnerable to large geomagnetic storms, it may also provide a cleaner estimate that more closely

relates to the atmospheric performance overall.

Additionally, planned analysis will determine whether increasing the measurement weight during a

maneuver can assist the filter in terms of state estimation across the maneuver or state recovery after

the maneuver. Performance may be increased to the level where navigation science accuracy

requirements are maintained throughout all maneuvers.

7 - CONCLUSIONS

The TONS implementation on Terra is a phenomenal success. TONS estimates exceed all state

vector accuracy requirements and show progress toward meeting the navigation accuracy goal set

by the science team. As NASA's first operational autonomous onboard navigation system, Terra's

TONS represents a big step forward in enabling technologies for future missions, particularly those

in the formation flying realm.
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